o Data of Hg in air and in fish across Colombia are evaluated in terms of risk. o Probability distribution functions are fitted to exposure and concentration data. o lnhalation of Hg contributes more to the overall risk than ingestion of fish. o The risk for the residents of mining communities greatly exceeds the threshold of 1. o The risk for miner-smelters is 200 times higher than what is deemed acceptable.
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A B S T R A C T
Colombia is one of the largest per capita mercury polluters in the world as a consequence of its artisanal gold mining activities. The severity of this problem in terms of potential health effects was evaluated by means of a probabilistic risk assessment carried out in the twelve departments (or provinces) in Colombia with the largest gold production. The two exposure pathways included in the risk assessment were inhalation of elemental Hg vapors and ingestion of fish contaminated with methyl mercury. Exposure parameters for the adult population (especially rates of fish consumption) were obtained from nation-wide surveys and concentrations of Hg in air and of methyl-mercury in fish were gathered from previous scientific studies. Fish consumption varied between departments and ranged from O to 0.3 kg d 1. Average concentrations oftotal mercury in fish (70 data) ranged from 0.026 to 3.3 I-lg g 1. A total of 550 individual measurements of Hg in workshop air (ranging from <DL to 1 mg m 3) and 261 measurements of Hg in outdoor air (ranging from <DL to 0.652 mg m 3) were used to generate the probability distributions used as concentration terms in the calculation of risk. All but two of the distributions of Hazard Quotients (HQ) associated with ingestion of Hg-contaminated fish for the twelve regions evaluated presented median values higher than the threshold value of 1 and the 95th percentiles ranged from 4 to 90. In the case of exposure to Hg vapors, minimum values of HQ for the general population exceeded 1 in all the towns included in this study, and the HQs for miner-smelters burning the amalgam is two orders of magnitude higher, reaching values of 200 for the 95th percentile. Even acknowledging the conservative assumptions included in the risk assessment and the uncertainties associated with it, its results clearly reveal the exorbitant levels of risk endured not only by miner-smelters but also by the general population of artisanal gold mining communities in Colombia.
1.Introduetion
According to the UN Industrial Development Organization (UNIDO, 2011), Hg amalgamation from artisanal small-scale gold mining (ASGM) results in the release of an estimated 1000 tons of Hg per year, constituting about 30% of the world's anthropogenic 1 ); BW -body weight (kg); C MeHg -concentration of MeHg in fish (mgkg-1 ); AT -averaging time (days); IR fish -fish ingestion rate (kgd-1 ).
Quantitative toxicity values for both Hg species were obtained from the USEPA's IRIS database, which assigns an Inhalation RfC of 0.0003 mg m-3 to elemental Hg, and an Oral RfD of 0.0001 mg kg-1 d-1 to MeHg. Bioaccessibility of MeHg in the gastro-intestinal tract and of elemental Hg in the respiratory tract was conservatively considered to be 100% based on current scientific consensus (Gochfeld, 2003) , although an absorption factor of 0.95 for ingested MeHg was used by the USEPA in the Mercury Study Report to Congress and to arrive at its current RfD (USEPA, 2013). The assessment of risk from fish ingestion was carried out independently for each of the 12 Colombian departments (or provinces) where gold artisanal mining is most intense: Antioquia, Santander, Nariño, Cauca, Caldas, Guainía, Vaupés, Quindío, Bolívar, Chocó, Córdoba and Tolima. The risk associated with the inhalation of Hg vapor was evaluated with data from three mining towns in the department of Antioquia.
Given the insufficient data available on children exposure variables, the assessment was restricted to the adult population. The information on fish consumption (lR fish ) was obtained from the studies of Perucho Gómez (2007) and Olivero (2002) and is given as ranges for each department. Table 1 presents these data together with the main local fish species in the diet of the communities included in the study (Agudelo, 1991; GTZ/ Corponariño/P-Consult., 1992; Gómez and Martínez, 1993; Gómez et al., 1995; Ruiz et al., 1996; Lully, 1998; Olivero and Solano, 1998; Ramos et al., 2000; Cala, 2001; Idrovo et al., 2001; Olivero et al., 2001; FAO, 2002; Olivero and johnson, 2002; Aguilera, 2004; Mosquera-Lozano et al., 2005; UPME, 2005; Hincapie Montoya, 2006; Mancera-Rodríguez and Álvarez-León, 2006; Marrugo et al., 2007; IMC, 2008; Navarro et al., 2008; Perea et al., 2008) .
From the results of an informal local survey, residents (and miners) were considered to leave the mining community for two weeks per year, i.e. EF = 350 d year-1 . For inhalation of Hg vapor, the average worker was estimated to spend 8 h d-1 and 6 d week-1 (for a total of 300 d year-1 ) exposed to the workshop atmosphere, and the remaining time to outdoor air and residential indoor air (assumed conservatively to have the same Hg concentration as outdoor air). Lastly, the average body weight of exposed individuals was assumed to be 72 kg for men and 59 kg for women, based on data from Aristizabal et al. (2007) .
mgestlOn -RjDRjD Cordy et al., 2011) , the annual Hg emissions/releases from ASGM in Colombia are approximately 75 tons for a gold output of 35 tons. Very often, Hg amalgamation is carried out on site by unprotected workers. During this operation a large amount of Hg is accidentally or intentionally discharged to the environment and eventually reaches nearby fresh water bodies where, together with the significant amounts of mercury supplied by wet atmospheric deposition (Hammerschmidt and Fitzgerald, 2006) , it is subjected to methylation and subsequently bioaccumulates in aquatic fauna (Ullrich et al., 2001; UNEP, 2013) . In order to recover the gold, the amalgam is heated in open charcoal furnaces either on site, or in small workshops (or even in the home of the miner) and the emitted Hg vapors are inhaled by the unprotected artisanal miner-smelters, but also outdoors and at home by residents ofthe mining communities.
The geochemistry of Hg has been extensively investigated (UIIrich et al., 2001; Kocman et al., 2011) and its global biogeochemical cycle is well characterized. The impact of Hg environmental contamination on human health has also attracted much scientific attention, originally directed to large-scale industrial releases or agricultural applications (Gochfeld, 2003; Kobal et al., 2004 Kobal et al., , 2008 . In the last couple of decades, the potential health problems associated with the use of Hg in gold mining have also been acknowledged and thoroughly investigated, particularly in South American countries with a significant gold production (Veiga and Meech, 1995; Akagi and Naganumab, 2000; Fadini and jardim, 2001; Marrugo-Negrete et al., 2008; Molina et al., 2010; Velás-quez-López et al., 2010; Medina Mosquera et al., 2011; SantosFrancés et al., 2011) .
AII this research activity is obviously motivated by the wellestablished chronic toxicity of Hg. According to the USEPA's IRIS database (USEPA, 2011), there is strong evidence of neurobehavioral toxicity (tremors, slower and attenuated brain activity, memory disturbance, sleep disorders) of low-Ievel, long-term exposure to Hg vapor, as revealed by the human occupational inhalation studies of Fawer et al. (1983) , Kobal et al. (2004 Kobal et al. ( , 2008 , Liang et al. (1993) , Ngim et al. (1992) , Piikivi (1989) , and Piikivi and Hanninen (1989) . Methyl-mercury (MeHg) is also a highly toxic substance. Dietary ingestion of MeHg can result in developmental neuropsychological and neurofunctional impairment (Bose-O'Reilly et al., 2008 Grandjean et al., 1997; Budtz-j0rgensen et al., 1999; Mergler, 2002; Gochfeld, 2003) . Mother-to-fetus transfer of MeHg has been reported to potentially cause cerebral palsy, mental retardation, and delayed walking and speech (Rice, 1995) .
Given the elevated exposure of miners and residents in artisanal mining communities to Hg vapor and MeHg accumulated in fish, the aim of this study is to quantitatively assess the risk for these individuals from the exposure to both substances, and to demonstrate the usefulness of probabilistic risk assessments as a tool to categorize environmental problems on a nation-wide scale and to prioritize political and remedial actions.
Methodology
Following the standard model of human health risk assessment for non-cancer endpoints, the potential risk for miners and residents was quantified in terms of hazard quotients (HQs) defined as the ratio between the estimated level of exposure of the receptor and the estimate of the safe chronic exposure dose (or concentration, depending on the exposure route). An HQ larger than 1 would indicate an unacceptable level of systemic risk. The conceptual model for this risk assessment considers two main exposure 
Exposure medía concentratíon
Atotal of70 values ofconcentration ofHg in fish muscle (Table 2) , ranging from 0.001 to 3.3 ¡lg g-l, were obtained from the same sources previously listed for Table 1 . Concentrations of total Hg in fish tissue were obtained after an acid digestion and were analyzed by cold vapor atomic absorption and atomic fluorescence (WHO/ UNEP, 1976).
The analytical protocols and analytical equipment employed are described in detail in Cala (2001) , Marrugo et al. (2007) , Olivero and Johnson (2002) , Olivero et al. (2001) and Olivero and Solano (1998) . The dataset of Hg concentrations in fish was unevenly distributed among the different provinces, some having only two data (Guainia, Vaupes), and others up to thirteen (Bolivar). The number of measurements of Hg in air was considerably higher: 550 inside workshops and 261 in outdoor air (Table 3) . These values of Hg in air were taken from Cordy and Lins (2010) (Cordy and Lins, 2010; Veiga, 2010) .
The probability distribution function representing the level of exposure associated with the ingestion of Hg-contaminated fish was obtained as follows: Each of the 70 concentration values of Hg in fish was regarded as an independent estimate of the average Hg concentration in fish in the corresponding province (p estimates per province). The probability distribution of the exposure to Hg in fish for each province is then generated by re-sampling 100000 times (with sample size 1) the sample of p average concentration values and multiplying this concentration by a fish consumption value randomly selected from a uniform distribution between the maximum and minimum values indicated in Table 1 , and by the rest of the exposure parameters (EF, ED, BW-I and Ar I ). This process is summarized in Eq. (3). 
Eq. (3): Generation of the probability distribution function of the dietary average chronic ingestion of MeHg.
For the inhalation pathway, the probability distribution function for the average chronic exposure concentration was generated by sampling with replacement the population of concentration data with a sample size, n, equal to the size of the data set (n = 550 for the workshop environment, m = 261 for the outdoor/ indoor environment), calculating the arithmetic mean of those n values, and multiplying this average concentration by the exposure time, frequency and duration assigned to each exposure environment, in a 100000-iteration loop. This process is summarized in Eq. (4). Eq. (4): Generation of the probability distribution function of the average chronic inhalation dose of Hg for miner-smelters.
The programming of probabilistic risk models was carried using R (R Development Core Team, 2004).
Results and discussion
The unacceptable levels of risk arrived at in this study (see dis (Table 3) .
The situation is different in the case of exposure to Hg in fish. The USEPÁs criterion for MeHg in fish tissue of 0.3 ¡lg g-l (USEPA, 2001) lies within the range of median concentrations (0.12-0.3 7 ¡lg g-l) found in this study (except for the province of Antioquia, with a median value ofO.75 ¡lg g-l). The problem in this case seems to be exacerbated by the high ingestion rates of local fish which can reach values up to 0.3 kg d-l, almost 10 times higher than the 0.05 kg d-1 used by the USEPA (USEPA, 2004), although slightly lower than the consumption rates described for some fishing communities in the Brazilian Amazonia (Mergler, 2002; Sousa et al., 2008) . Fig. 1 presents graphically the distribution of HQs associated with the dietary intake of MeHg for the 12 provinces included in the study. The shape of these functions is strongly controlled by the distribution of average concentrations of MeHg in fish in each province. For the first 6 provinces in Fig. 1 , there is a clear separation between a majority of tightly grouped, low concentration values and a few high ones, with a low p50/maximum ratio. When combined with the uniform distributions used to approximate ingestion rates, the resulting HQ functions present long right tails or in the case of Cordoba and Tolima, with the highest number of data, a bimodal distribution. As the asymmetry of the distributions of average concentrations of MeHg decreases (last 6 provinces in Fig. 1 ) the resulting HQ functions approximate log-normal or even normal distributions. For the inhalation exposure pathway, on the other hand, the probability functions representing the HQs of miner-smelters and residents follow a normal distribution in all three towns included in the study.
Tables 4 and 5 present a summary description of the resulting HQ distributions for the 12 departments (ingestion) and 3 towns (inhalation) included in this study. The simultaneous occurrence of elevated rates of local-fish consumption in these mining-fishing communities and the relatively high levels of MeHg in fish tissue result in HQdistributions for the ingestion pathway whose median values exceed the threshold level of 1 in 10 ofthe 12 provinces included in the study. AlI p95 values are higher than 1, and those for the provinces with the highest fish consumption rates range between HQ = 45 and HQ = 90. For women, with a lower body weight, the results are on average 22% higher than those presented in Table 4 .
Exposure to Hg vapors in workshops where the amalgam is burnt results in HQ distributions for workers with shockingly high median values ranging from 43 to 168 and minimum values higher than 90 in two ofthe three towns investigated. The risk from inhalation for the general population is approximately one order of magnitude lower than for miner-smelters in two of the three towns investigated (and approximately half that HQ in the third), but the minimum HQ values are all higher than the threshold value of 1.
The contribution of ingestion of MeHg-contaminated fish to the aggregate risk is lower than that of inhalation of Hg vapor for residents, with differences between both exposure pathways within one order of magnitude. For miners-smelters exposed to Hg vapors during the burning of the amalgam, the contribution of inhalation is 2 orders of magnitude higher than that of fish ingestion. These results are in accordance with those of previous studies in similar exposure scenarios (Hacon et al., 1997) .
The outcome of this risk assessment, however valid and alarming, needs to be interpreted with caution. One source of uncertainty arises from the lack of accompanying data on other trace elements like Se or Ca, which might attenuate the potential harm associated with exposure to Hg (Sakamoto et al., 1996; Yoneda and Suzuki, 1997; Osman et al., 1998; Vasconcellos et al., 2000) . Also, for the fish intake pathway the sample of average concentrations is small, the mercury analyzed in the fish is total mercury (and the MeHg concentration could be as much as 10% lower), and a Gl absorption rate of 100% for MeHg, was considered while a more prudent assumption used by USEPA is 95% (thus the fish-intake risk might be discounted by as much as 5%). Finally, at these high levels of exposure it is unlikely that the toxicity data published -and used in this study -for both species of Hg represent the real dose-response relationship. Therefore, the outcome from the risk assessment cannot be interpreted in strict quantitative terms. 
Conclusions
Probabilistic risk assessment cannot substitute for thorough clinical studies for the purposes of public health control and intervention. However, given the cost and difficulty of sampling human populations, by using more readily accessible environmental data, risk assessment is indeed a useful tool to give quantitative meaning to problems of environmental and occupational exposure to pollutants, to categorize these problems, and most importantly, to prioritize remedial actions.
As an illustrative example of this potential, a probabilistic risk assessment in Colombia's artisanal gold mining communities has clearly highlighted the exorbitant levels of risk endured by residents of these communities. The fact that these mining communities are also fishing communities whose diet is based on the fish they catch in the local rivers exacerbates the problem as exposure from ingestion of Hg-contaminated fish is added to the inhalation of Hg-laden outdoor air. For miner-smelters who bum the amalgam in artisanal workshops the risk of developing adverse health effects is even higher, reaching levels 200 times higher than what is deemed acceptable in most environmental regulations and standards.
Whether these extraordinary levels of risk will result in adverse health effects cannot be directly inferred from a risk assessment that makes use of published Reference Doses and Concentrations derived from low dose-low response models. A follow up of this study including clinical data would allow establishing those quantitative relationships between elevated levels of exposure and long-term health effects.
